386, 1978 36. Lanari A, Lambertini A, Ravin A: Mechanism of experimental atrial flutter. Circ Res 4: 282, 1956 37. Allessie MA, Bonke FIM, Schopman FJG: Circus movement in rabbit atrial muscle as a mechanism for tachycardia. 111. The "leading circle" concept: a new model of circus movement in cardiac tissue without the involvement of an anatomical obstacle. Circ Res 41: 9, 1977 The Nature of Atriosinus Conduction During Rapid Atrial Pacing in the Rabbit Heart CHARLES R. KERR, M.D., AND HAROLD C. STRAUSS, M.D., C.M. SUMMARY During clinical electrophysiologic investigations, the sinus node recovery time (SNRT) lengthens as the atrial pacing rate increases; after reaching a maximum value, SNRT shortens with further increases in pacing rate. This phenomenon has been ascribed to the onset of atriosinus entrance block. In this study we investigated the nature of atriosinus conduction during rapid atrial pacing and related changes in SNRT to changes in conduction. In eight rabbit sinus node preparations, the crista terminalis was paced for 1 minute at cycle lengths ranging from 400 to 100 msec, while crista terminalis electrograms were recorded by surface electrode and sinus node transmembrane action potentials were recorded by microelectrode. In all experiments SNRT prolonged progressively as the cycle length shortened until 2: 1 atriosinus block occurred; at that point SNRT shortened. After correction for spontaneous cycle length, SNRT was inversely related to the cycle length of action potentials recorded from the pacemaker site in the sinus node (r = -0.84), indicating that SNRT depends on the number of impulses reaching the pacemaker site. In four experiments, the microelectrode was moved toward the crista terminalis in intervals of 50-100 ju, repeating the pacing sequence at each site. The site of atriosinus block could be identified as the point at which action potential amplitude fell rapidly. With progressively shorter cycle lengths, the site of block moved progressively farther from the pacemaker site in the sinus node. Therefore, the shortening of SNRT with rapid pacing may be explained by the presence of atriosinus block and by a reduction in the number of impulses that reach the pacemaker site in the sinus node.
RAPID ATRIAL PACING is frequently used to assess sinus node automaticity in patients suspected of having sinus node dysfunction. The duration of the recovery cycle after a train of rapid atrial pacing is called the sinus node recovery time (SNRT), and its prolongation has been widely accepted as evidence of sinus node dysfunction.'-' In general, as the rate of atrial pacing is increased, the duration of the recovery cycle increases until a maximum degree of suppres-sion occurs; beyond this point the recovery cycle shortens as the atrial pacing rate continues to be increased. In man, maximum suppression normally occurs at 118-130 beats/min.2 5, '6 The decrease in SNRT at faster rates may be the result of block of impulses before they can reach and depolarize the sinus node. Such a reduction in the rate of sinus node discharge would cause a reduction in sinus node suppression."7 10 In cases of sinus node dysfunction, atriosinus entrance block may occur at lower pacing rates, so maximum sinus node recovery time may occur at pacing rates lower than 1 18 beats/min.4' 6 9, 11, 12 Although the shortening of the SNRT at fast pacing rates has been well documented and the presence of atriosinus block has been postulated to explain this phenomenon, in vitro studies are required to corroborate these findings. In this study we used an isolated sinus node preparation from the rabbit to characterize atriosinus conduction during rapid atrial pacing. In particular, we examined the nature and site of block of retrogradely conducted impulses and the relationship between the rate of pacing and SNRT.
Methods
Eight young rabbits that weighed 1.5-2.0 kg were anesthetized with sodium pentobarbital and killed by air embolization. The hearts were rapidly excised and the sinus node and surrounding right atrium were dissected out in cool Tyrode's solution. The preparation was pinned to a waxed surface and superfused at 10 ml/min with oxygenated Tyrode's solution. The solution was maintained at a temperature of 35.0 ± 0.5°C and was bubbled with 95% 02, 5% CO2 to achieve a pH of 7.2-7.3.
One bipolar electrode was placed on the proximal end of the crista terminalis to stimulate the preparation and a second electrode was placed on the midportion of the crista terminalis to record a surface electrogram. Glass microelectrodes filled with 3 M potassium chloride and tip resistances of 15-30 MQ were used to measure transmembrane action potentials. The sinus node pacemaker site was identified by the characteristics of the transmembrane action potential (diastolic depolarization, gradual transition to the action potential upstroke, and a takeoff point more than 25 msec before the crista terminalis electrogram). This site was used as a point of reference for subsequent impalements. With the microelectrode in a cell in the primary pacemaker area, the crista terminalis was paced for 1 minute at the following cycle lengths: 400 msec, 320 msec, 250 msec, 200 msec, 160 msec, 130 msec and 100 msec. One minute was allowed between each pacing run. In four experiments, pacing runs at each cycle length were repeated four to six times with impalement maintained in the same cell. In four separate experiments, after the pacing sequence with the microelectrode impaled in a cell in the sinus node pacemaker site, it was moved toward the crista terminalis in steps of 50-100 g, repeating the pacing study at each site. In each of these four complete experiments, one microelectrode was used for the entire sequence. The crista terminalis electrogram, transmembrane action potential, and 50-msec time lines were recorded with a Siemens-Elema Mingograf 803 ink-ejection recorder at paper speeds of 20 and 200 mm/sec. The analog recordings were retraced for clarity of reproduction.
Data Analysis
The SNRT was measured from tracings recorded with the microelectrode in the pacemaker site of the sinus node. The interval from the last paced crista terminalis electrogram to the first spontaneous electrogram was called the SNRT-atrial (SNRT-A) and the interval between the last paced sinus node depolarization and first spontaneous sinus node depolarization was called the SNRT-sinus node (SNRT-SN).
At all impalement sites, particularly during shorter pacing cycle lengths, the amplitude of the action potentials alternated. The amplitude of the smaller alternating action potential was measured and expressed as a ratio to that of the larger action potential. This ratio was called the relative amplitude. Ampli-tude was measured from the point at which the upstroke began to the highest value the action potential attained during depolarization. The relative amplitude measured at each site of impalement for a specific pacing cycle length was then plotted as a function of distance from the sinus node. These data were fit to a sigmoid function with the Hill equation:
B + XA where A and B are the variables to be optimized. Lines were drawn using a DEC 11/03 computer and goodness of fit, calculated by the nonlinear least-squares method, was reported as the coefficient of determination, r2.
SNRTs were corrected for the spontaneous cycle length by two methods. In one, the spontaneous cycle length was subtracted from the SNRT to give the corrected SNRT (CSNRT).3 ' 13, 1 In the other, SNRT was divided by the spontaneous cycle length to give the normalized SNRT (NSNRT).`5 Cumulative values from all experiments for both the CSNRT and NSNRT were analyzed as a function of the cycle length in the sinus node and regression analyses were performed by the linear least-squares method.
Results

Patterns of Atriosinus Block
With impalement in a cell in the sinus node pacemaker site, atriosinus block was analyzed during atrial pacing at various cycle lengths. In all eight experiments, 1: 1 atriosinus conduction occurred during pacing at cycle lengths of 400 and 320 msec. At shorter pacing cycle lengths, the relative amplitude of every second conducted action potential began to diminish until complete 2:1 atriosinus block occurred. The cycle length at which this occurred was identified by the sudden fall in action potential amplitude to very small values. This usually took place during a single decrement in pacing cycle length. Specifically, the transition to 2: 1 block occurred between 320 and 250 msec in three experiments, between 250 and 200 msec in three, and between 200 and 160 msec in two. At cycle lengths shorter than those at which 2:1 block developed, the relative amplitude of every alternate conducted beat (every fourth atrial depolarization) decreased progressively until, at a cycle length of 130 or 100 msec, 4:1 atriosinus block occurred in six of eight experiments. In the other two experiments, impalement could not be maintained at this rapid rate.
In three experiments, more complex forms of atriosinus block occurred at some pacing rates. These took the form of various degrees of Wenckebach periodicity, characterized by a progressive prolongation of atriosinus conduction time and a progressive decrease in relative amplitude of the action potential until one depolarization was dropped in the sinus node pacemaker site ( fig. 1 ). At shorter cycle lengths, Wenckebach periodicity progressed to 2:1 block.
In four experiments the nature of retrograde con- duction and the site of block during atrial pacing were analyzed by multiple microelectrode impalements between a cell in the pacemaker site and the crista terminalis. Retrograde conduction time was plotted as a function of distance from the crista terminalis to the site of impalement for specific cycle lengths at which 1: 1 conduction occurred. Figure 2 shows an example of one experiment in which retrograde conduction was measured during pacing at cycle lengths of 400, 320 and 250 msec. At each cycle length, retrograde conduction time increased markedly as the impalement site neared the sinus node, suggesting a decrease in conduction velocity near the pacemaker site in the sinus node. With shorter cycle lengths, the conduction time increased, particularly when the impalement site was in the sinus node. All four experiments had similar results. The relative amplitude of the action potentials was analyzed as a function of distance from the pacemaker site at specific pacing cycle lengths. fig. 4 ). At a pacing cycle of 200 msec, there was a progressive reduction in relative amplitude of every alternate action potential as the impalement moved closer to the pacemaker site in the sinus node; in the pacemaker site itself the second action potential was absent. At 100 msec, the amplitude began to alternate in the crista terminalis itself and complete 2:1 block occurred by 600 ,u from the pacemaker site. Furthermore, at this short cycle length, a secondary alternation in action potential amplitude began 600 , from the pacemaker site and became more marked as the nodal pacemaker site was approached. In the pacemaker site itself, 4:1 atriosinus block was present. For each cycle length the relative amplitude of the action potential was plotted as a function of distance from the pacemaker site. A series of sigmoid curves could be constructed, with each curve representing one cycle length. Figure 5 shows an example of this analysis for one experiment. For cycle lengths of 400 and 320 msec, amplitude did not alternate, so the relative amplitude at all impalement sites was 1.0; for these cycle lengths, straight lines were drawn by hand. The five sigmoid curves at shorter cycle lengths were computer drawn and the coefficients of determination, r2, were greater than 0.97 in all cases. The site over which the rapid fall in relative amplitude occurs reflects the site over which the impulse is blocked. Therefore, as the cycle length is shortened, block occurs at a greater distance from the pacemaker site. At a cycle length of 100 msec, only the crista terminalis can respond in a 1: 1 fashion. Transmembrane action potentials recorded from a cell in the pacemaker area of the sinus node and sites 300, 400, 600 and 900 g from the sinus node pacemaker site during atrial pacing at a cycle length of200 msec. The sinus node +900 g was in the crista terminalis. Alternation ofaction potential amplitude begins 600 ,u from the pacemaker site and increases as the pacemaker site is approached.
At a cycle length of 100 msec, secondary alternations occurred ( fig. 4 ) and the relative amplitude of these action potentials was likewise plotted against distance from the pacemaker site. This analysis also permitted construction of a sigmoid curve representing a secondary site of block. Figure 6 is a plot of the primary and secondary sites, and demonstrates that, at this rapid pacing rate, primary block (leading to 2: 1 block) occurs farther from the pacemaker site than secondary block (leading to 4:1 block).
In all experiments, alternation of action potential amplitude or block developed over the first 5-10 seconds of pacing, and occasionally was not at its SINUS Relationship of Atriosinus Block to SNRT SNRT was measured using either crista terminalis electrograms (SNRT-A) or sinus node action potentials (SNRT-SN). The SNRT-A is comparable to measurements obtained from clinical investigations, while the SNRT-SN more accurately reflects sinus node pacemaker activity. SNRT-A may vary, depending on the conduction of the last paced beat. Figure 7 shows the termination of two FIGURE 5 . A series of curves relating the relative action potential amplitude to the distancefrom the pacemaker site in the sinus node (sinus node pacemaker site to crista terminalis = 1400 g). Each curve represents a specific pacing cycle length. At cycle lengths of400 and 320 msec, amplitude did not decrease. At shorter cycle lengths, each curve was drawn by computer to fit a sigmoid function. On each curve there were 13 individual data points from different impalement sites that were omitted to avoid confusion on the graph. The r2 values were greater than 0.97 in all cases. The rapid decrease in amplitude reflects the site of block at that particular pacing cycle length. CT taneous depolarization phase of the next sinus node FIGURE 6. Using the same format as in figure 5, two cycle. A similar response to early atrial premature sigmoid curves show the primary and secondary decrease in complexes, has been described."6 The reproducibility. action potential amplitude at the same pacing cycle length of this finding was demonstrated by repeat pacing se-(100 msec). Each curve was constructed from data at nine quences (table 1). In these experiments the pacing runs impalement sites. The experiment is the same as that shown were performed sequentially and therefore conclusions in figure 4 , in which the distance from nodal pacemaker site regarding reproducibility cannot necessarily be exto crista terminalis was 900 ,. The r2 > 0.98 for both curves. tended to runs separated by longer durations. SNRT was also shown to depend on the number of impulses reaching the sinus node pacemaker site. The results of two experiments are shown in figure 8 , in which SNRT-SN and SNRT-A are both plotted against the paced cycle length. As the cycle length decreased, SNRT-SN and SNRT-A both prolonged until 2:1 block developed, at which time both values shortened markedly. The cycle length at which block occurred was identified by ths sudden reduction of action potential amplitude in the pacemaker site. During the zone in which 2:1 block was present, the SNRT-SN and SNRT-A prolonged again and reached a secondary peak just before transition to 4: 1 block, when both values of SNRT again shortened. In figure 8 , only recovery times in which the last paced beat was conducted are shown. Similar relationships of SNRT to atriosinus block occurred in five of six experiments in which 4: 1 block developed, while in the other two experiments, a single peak occurred at the shortest cycle length during 1: 1 conduction. In one ex-periment there appeared to be no relationship of SNRT to cycle length or block. In five experiments the longest SNRT occurred during the first peak ( fig.  8A ), while in two others it occurred at the second peak ( fig. 8B) .
To explore the relationship of the number of impulses reaching the nodal pacemaker site and the duration of postpacing suppression of automaticity, we compared by SNRT-SN and SNRT-A to the effective sinus node cycle length (the interval between sinus node action potentials in the pacemaker site). For example, at a pacing cycle length of 130 msec with 2:1 block, the effective cycle length was 260 msec. Two sets of data points were plotted for effective cycle lengths of 400 and 320 msec. These represent the SNRT-SN and SNRT-A, resulting from pacing at cycle lengths of 400 and 320 msec, which are associated with 1: 1 atriosinus conduction, and from pacing at cycle lengths of 200 and 160 msec, which are associated with 2:1 atriosinus conduction. SNRT-SN and Basic cycle length of this preparation was 455 msec. Abbreviations: SN1RT-SN= sinus node recovery time measured from sinus node depolarizations; SNRT-A = sinus node recovery time measured from atrial depolarizations. Maximum SNRT-SN and SNRT-A occur at a 250-msec cycle length and then decrease after the onset of 2:1 atriosinus block. A second peak of SNR T-SN and SNR T-A occurs at a cycle length of 130 msec before shortening at the onset of 4:1 block. (B) Peaks of SNR T-SN and SNRT-A again occur at cycle lengths of250 msec and 130 msec, with the maximum values occurring at the second peak. At a cycle length of 100 msec, no pacing runs with the last beat conducted occurred and the points in brackets represent nonconducted last beats. The basic cycle lengths for these two preparations were 490 and 455 msec, respectively. SNRT-A were either corrected by subtracting the spontaneous cycle length (CSNRT-SN and CSNRT-A) or normalized by dividing by the spontaneous cycle length (NSNRT-SN and NSNRT-A). Table 2 and figure 9 show the cumulative data from all eight experiments; only pacing runs in which the last paced beat was conducted are included. There appears to be an inverse relationship between both SNRT-SN and SNRT-A, corrected by either method, and the effec-tive cycle length, indicating that SNRT does depend on the number of impulses conducted to the pacemaker site in the sinus node.
Discussion
This study demonstrates the nature of atriosinus block during rapid atrial pacing and correlates the presence of atriosinus block with alterations in SNRT, which may be relevant clinically. The pacing Mean basic cycle length for the eight preparations was 518 ± 21 msec (SEM). Abbreviations: CSNRT-SN = corrected sinus node recovery time measured from sinus node depolarizations; CSNRT-A = corrected sinus node recovery time measured from atrial depolarizations; NSNRT-SN = normalized sinus node recovery time measured from sinus node depolarizations; NSNRT-A = normalized sinus node recovery time measured from atrial depolarizations.
rates that we used were much higher than those used in clinical studies. Thus, care must be taken when extrapolating our results to phenomena seen in the clinical laboratory. However, the basal heart rate of the rabbit is approximately twice that of the human, so the very rapid pacing rates used in our experiments may be comparable to those used in man.
Atva specific atrial pacing cycle length, atriosinus block is initiated by a diminution in the amplitude of alternate sinus node action potentials. As the cycle length is shortened, this alternation in amplitude becomes more marked until every second beat is totally blocked. This phenomenon was described by Kodama et al. 17 and by Steinbeck et al. " 8 At yet shorter cycle lengths, a secondary alternation in amplitude is superimposed on the existing 2:1 block. This secondary alternation progresses to 4: 1 block in many cases. The appearance of primary and secondary alternations in action potential amplitude may explain the common pattern of block in powers of two in many cardiac tissues. While it is speculative to extend these observations to the atrioventricular node, a similar mechanism could account for the degree of atrioventricular block during rapid atrial discharge (as in atrial flutter). Besides this common pattern of 2: 1 block, complex forms of Wenckebach periodicity were seen at certain pacing cycle lengths, which might account for a multiplicity of patterns of block, and thus variations in SNRT responses.
Du'ring rapid atrial pacing, atriosinus block does not occur at a discrete point between the crista terminalis and the pacemaker site in the sinus node.
Rather, at more rapid rates, block occurs at progressively greater distances from the pacemaker site. We recently showed that there is a progressive increase in refractoriness from the crista terminalis to the sinu-s node pacemaker site.'6 The cycle length at which block occurs at any given site likely reflects an encroachment by consecutive beats on the refractory period of that tissue. Therefore, with shorter cycle lengths, the movement of the site of block farther from the sinus node is probably a reflection of this transition of refractoriness. During 4: 1 atriosinus block, a dual site of block occurs simultaneously, with the primary block occurring near the crista terminalis and the secondary block occurring near the sinus node pacemaker site ( fig. 6 ).
Atriosinus block did not attain its maximum, stable pattern until after 5-10 seconds of pacing in most cases. During several pacing trains, the block was still evolving for 30 seconds. Steinbeck et al.'8 also described a latency of approximately 5 seconds in changes in retrograde conduction time that occurred with a change in pacing cycle length. Therefore, when pacing the atrium during clinical studies, one should pace for at least 30 seconds to assure a constant sinus node response.
During clinical studies, the SNRT, nmeasured by observing the reappearance of spontaneous atrial electrical activity after pacing, frequently varies despite pacing at the same rate. Variability in conduction of the last paced beat may considerably alter the SNRT; the SNRT measured by an atrial electrode will be shorter if the last paced beat is blocked. Furthermore, the SNRT seems to prolong with faster pacing rates until it reaches a maximum of 118-130 beats/min; at more rapid rates, it shortens. This study provides corroborative evidence that atriosinus block is a cause of shortening of SNRT at higher pacing rates. In seven of eight experiments, a reduction in SNRT coincided with the onset of 2:1 atriosinus block. Steinbeck et al. ' 18 reported similar findings relating changes in SNRT to the onset of atriosinus block. The pacing rate at which SNRT reaches a maximum thus depends on the properties of retrograde conduction, most likely on the refractoriness of the sinus node and surrounding right atrium. '8 In patients with sick sinus syndrome, in whom atriosinus conduction may be im-paired, the maximum SNRT frequently occurs at slower rates.4 , i 1 12 This may be a result of increased refractoriness of the node, and hence, an onset of block at slower pacing rates.
By comparing SNRT to the effective cycle length of the pacemaker site we demonstrated that the degree of sinus node suppression after rapid atrial drive depends on the number of impulses actually depolarizing the pacemaker site. This accounts for the double peak on the plot of SNRT vs cycle length, in which an atrial cycle length of 320 msec with 1:1 conduction might result in suppression similar to that of an atrial cycle length of 160 msec with 2:1 conduction. In clinical studies the secondary peak is not usually seen, but this may result from failure to proceed to higher pacing rates. 2' 14 We have demonstrated the nature and site of atriosinus block during rapid atrial pacing. The site of block is not discrete, but varies in location as the pacing rate changes. This spatial orientation of the site of block during rapid atrial pacing is similar to the spatial orientation of block of premature complexes, which we have demonstrated. 16 The results of this study support theories relating variability in the values obtained for the SNRT to the presence or absence of atriosinus block and reemphasize the necessity for using multiple pacing rates to measure SNRT.
